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The principal mode of avian influenza A virus (AIV) transmission among wild birds is thought to occur via an indirect fecal-oral
route, whereby individuals are exposed to virus from the environment through contact with virus-contaminated water. AIV can
remain viable for an extended time in water; however, little is known regarding the influence of the biotic community (i.e.,
aquatic invertebrates) on virus persistence and infectivity in aquatic environments. We conducted laboratory experiments to
investigate the ability of an aquatic filter-feeding invertebrate, Daphnia magna, to accumulate virus from AIV-dosed water un-
der the hypothesis that they represent a potential vector of AIV to waterfowl hosts. We placed live daphnids in test tubes dosed
with low-pathogenicity AIV (H3N8 subtype isolated from a wild duck) and sampled Daphnia tissue and the surrounding water
using reverse transcription-quantitative PCR (RT-qPCR) at 3- to 120-min intervals for up to 960 min following dosing. Concen-
trations of viral RNA averaged 3 times higher in Daphnia tissue than the surrounding water shortly after viral exposure, but con-
centrations decreased exponentially through time for both. Extracts from Daphnia tissue were negative for AIV by cell culture,
whereas AIV remained viable in water without Daphnia present. Our results suggest daphnids can accumulate AIV RNA and
effectively remove virus particles from water. Although concentrations of viral RNA were consistently higher in Daphnia tissue
than the water, additional research is needed on the time scale of AIV inactivation after Daphnia ingestion to fully elucidate
Daphnia’s role as a potential vector of AIV infection to aquatic birds.

Wild birds that inhabit wetlands and aquatic environments,
especially dabbling ducks of the genus Anas, form the major

natural reservoir for avian influenza A virus (AIV) (1, 2). Circu-
lation of AIV in wild duck populations is characterized by seasonal
peaks of infection affecting 15 to 30% of the population, which
requires an efficient and widespread mode of transmission (3).
Considerable evidence suggests that maintenance of the AIV res-
ervoir is intricately linked to aquatic environments inhabited by
waterfowl (4). High concentrations of AIV excreted in feces of
infected birds, combined with the ability of the virus to remain
viable in water for extended periods, are thought to drive trans-
mission via an indirect fecal-oral route (5, 6). That is, most infec-
tions in wild aquatic birds are thought to occur as a result of
contact with virus-contaminated water, as opposed to direct bird-
to-bird transmission, or direct fecal-oral transmission (4).

AIV can remain viable for extended periods in water (7–9);
however, detection of AIV in water from natural aquatic systems
generally occurs in less than 2% of samples (10–12). Among stud-
ies pairing fecal sampling with water sampling in areas of high
waterbird densities, detection of AIV tends to be considerably
lower in water than fecal samples (11, 12, but see reference 13),
likely as a result of dilution and uneven distribution of AIV in the
water. Compared to detection of AIV via molecular methods, iso-
lation of viable virus from natural lake water has occurred even
less frequently (4, 11). Low rates of AIV detection and isolation
from natural surface water, combined with recent advances to
concentrate large volumes of water for detection of AIV (14–16),
demonstrate that even amid favorable conditions (i.e., high con-
centrations of aquatic birds and active viral shedding), AIV likely
exists at low concentrations in water. As such, any factor that acts
to increase virus concentrations and facilitate ingestion by birds
could play an important role in transmission.

Filter-feeding bivalves are able to accumulate a number of vi-

ruses and are known vectors of enteric viruses to humans (17).
Therefore, it is plausible that aquatic filter-feeding invertebrates,
an important source of food to a number of waterfowl species,
may play a role as an intermediate vector and facilitate transmis-
sion of AIV. In the first test of this hypothesis, Faust et al. (18)
exposed Asiatic clams (Corbicula fluminea) to AIV-dosed water
and documented dramatic reductions in AIV concentrations in
the water and reduced viral infectivity associated with the filtering
behavior of the bivalves. In contrast, zebra mussels (Dreissena
polymorpha) maintained detectable amounts of viable AIV in their
tissue for up to 16 days postexposure (19), and freshwater clams
acted as bioconcentrators for AIV, highlighting their potential use
as sentinels in AIV surveillance (20). Based on a study of H5N1
persistence in simulated complex aquatic habitats, Horm et al.
(21) detected infectious virus in bivalve tissue only shortly after
exposure and suggested that bivalves and other aquatic fauna were
passive carriers of AIV. In the first assessment of the effects of
filter-feeding zooplankton on AIV persistence, Abbas et al. (22)
exposed Daphnia magna to AIV-dosed water and found detect-
able levels of virus associated with Daphnia tissue for up to 6 days
postexposure. Concentrations of AIV were higher per volume of
Daphnia than the water; however, filtration by Daphnia may have
inactivated the virus. These studies documented uptake and the
potential for accumulation of AIV by aquatic invertebrates, but
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further research is needed to fully understand the role of aquatic
invertebrates in AIV persistence and transmission.

Daphnia spp. are small planktonic crustaceans of the suborder
Cladocera that range between 0.2 and 3.0 mm in length and are
ubiquitous in freshwater aquatic environments (23). Daphnia
spp. play an integral role in aquatic food webs and are consumed
by numerous avian taxa, including important AIV reservoir spe-
cies such as the northern shoveler (Anas clypeata) and mallard
(Anas platyrhynchous) (24–26). Daphnids feed by filtering algae,
bacteria, and organic detritus (e.g., duck feces) from the water
column (27). Filtration rates of individual daphnids are influ-
enced by a number of factors (e.g., species, size, water tempera-
ture, and photoperiod) but generally range between 0.1 and 3.0 ml
h�1 (27, 28). Life expectancies of Daphnia range from weeks to
months, and the daphnids are capable of quickly reaching large
population densities through asexual reproduction (23). In situ
examinations of Daphnia filtering rates demonstrate that in some
cases, natural zooplankton communities are capable of filtering all
water in a given lake within a 24-h period (29).

A solid understanding of AIV ecology and transmission re-
quires detailed assessment of both abiotic and biotic factors po-
tentially influencing AIV persistence and transmission. The ubiq-
uitous presence of Daphnia in waterfowl habitats and the
significance of daphnids as a food source to waterfowl and other
aquatic birds make them a prime candidate for studies of AIV
persistence. The objective of this study was to assess the potential
role of filter-feeding invertebrates as a vector facilitating AIV in-
fection. Specifically, we conducted laboratory experiments to in-
vestigate the ability of live Daphnia magna to accumulate viable
virus from AIV-dosed water and assessed temporal persistence of
AIV within these organisms and the associated water column.

MATERIALS AND METHODS
Daphnia magna culture. We began culturing approximately 500 daph-
nids of the species Daphnia magna (DaphniaForSale.com, Merced, CA) 3
months prior to conducting the experiments in aerated, 40-liter glass
aquaria filled with groundwater kept at 20°C under 24 h of light. Daphnids
were fed a mixture of spirulina powder, soy protein powder, and active dry
yeast daily. At the time of the experiments, the culture numbered greater
than 10,000 individuals; the daphnids used in the experimental trials were
sampled randomly from the culture.

Virus source and propagation. For all experiments, we used the wild-
bird-origin low-pathogenicity AIV strain A/northern pintail/Alaska/
44340-268/2007(H3N8) that was isolated from a cloacal swab of a north-
ern pintail duck (Anas acuta) captured on the Yukon-Kuskokwim Delta,
AK, in 2007 and initially cultured in allantoic fluid at the USGS National
Wildlife Health Center, Madison, WI (30). AIV was propagated in MDCK
cells (American Type Culture Collection, Manassas, VA) in 75-cm2 flasks
containing Eagle’s minimal essential medium, 10% fetal bovine serum,
and tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated
trypsin (1 �g ml�1). We harvested AIV when the cell monolayer exhibited
75% to 100% cytopathic effect (CPE) by centrifuging the culture at 900 �
g for 10 min; the supernatant was subdivided into aliquots stored at
�80°C (AIV concentration of 1 � 107 genomic copies ml�1).

Experimental trials. We added 0.05 g of live Daphnia magna organ-
isms (�30 individuals) and 1 �l of Daphnia food to 5 ml of ground water
(pH 8.1) in 50-ml polypropylene test tubes. We then added 100 �l AIV
stock to all test tubes to achieve a final concentration of 2 � 105 genomic
copies AIV ml�1. Test tubes were incubated without aeration at 20°C in a
temperature-controlled room and maintained out of direct light. We con-
ducted 3 experimental trials in which daphnids were allowed to incubate
at intervals ranging from 3 min early in the trial up to 120-min intervals

later, for a maximum duration of 960 min. In each trial, there were 2
experimental replicates at each time interval and one control replicate
(i.e., virus, water, and Daphnia food without daphnids) at a subset of time
intervals for a total of 52 experimental test tubes and 16 control test tubes.

At the specified time interval, selected tubes were destructively sam-
pled by transferring the entire 5 ml of water to a new 15-ml polypropylene
tube containing 2 ml viral lysing buffer (AVL buffer) (Qiagen, Valencia,
CA) and then vortexed. To the 30 Daphnia individuals remaining in an
experimental tube bottom, we added 2 ml of AVL buffer, immediately
killing the daphnids to cease filtration. Daphnids were poured into a clean
mortar, pulverized with a pestle, rinsed with 5 ml clean well water back
into the experimental tube, and vortexed. Daphnids and water tubes were
incubated for 60 min at room temperature, after which the entire 5-ml
volumes were extracted with the DNA blood Midi kit (Qiagen) (31). The
final extracted eluate volume was 300 �l.

Dead Daphnia experiment. To differentiate between the effects of
active filtration by Daphnia and the effects of Daphnia tissue on virus
persistence, we conducted a post hoc experiment in which we replicated
our primary experiment with freshly killed daphnids. Water, Daphnia
food, and live daphnids were added to test tubes as previously described,
but prior to dosing the water with AIV, we placed the test tubes in a freezer
at �80°C for approximately 15 min. When the water was frozen solid, the
test tubes were removed, allowed to equilibrate at 20°C, inspected to en-
sure Daphnia death, and then spiked with AIV (2 � 105 genomic copies
ml�1). We conducted this experiment with 2 replicates per 6 time inter-
vals ranging from 6 to 360 min. Other than the use of dead daphnids, we
followed the same methods and procedures as in the primary experiment.

RT-qPCR procedure. Two-step reverse transcription-quantitative
PCR (RT-qPCR) was performed. To 8.6 �l of the extracted RNA, we
added 8.6 �l nuclease-free water and 0.7 �l (0.007 �g �l�1) random
hexamers (Promega, Madison, WI). This mixture was heated for 4 min at
99°C followed by addition of 32.1 �l RT master mix, yielding final con-
centrations of the following components: 10 mM Tris-HCl (pH 8.3), 50
mM KCl, 3 mM MgCl2, 10 mM dithiothreitol, 70 �M each deoxynucleo-
side triphosphate (Promega), 30 U of RNasin (Promega), and 100 U of
SuperScript II reverse transcriptase (Invitrogen Life Technologies, Rock-
ville, MD). The thermal conditions for reverse transcription were 25°C
for 15 min, 42°C for 60 min, 99°C for 5 min, and then 4°C for no longer
than 1 h.

Six microliters of the RT reaction mixture was combined with the
LightCycler DNA master probe kit reagents (Roche Diagnostics, Mann-
heim, Germany) for a final reaction volume of 20 �l. qPCR targeted the
AIV matrix gene using previously published primers and probe (32). The
final concentrations of the primers (Integrated DNA Technologies, Cor-
alville, IA) and probe (TIB Molbiol, Berlin, Germany) were 500 nM and
100 nM, respectively. Amplification was conducted with the LightCycler
480 machine (Roche Diagnostics) under the following thermal condi-
tions: 10 min at 95°C, followed by 45 cycles of 15 s at 94°C and 1 min at
60°C.

The qPCR standard curve was generated by treating AIV stock solu-
tion with Benzonase (Novagen, Madison, WI) following the methods de-
scribed by Borchardt et al. (31) to produce intact virions free of all extra-
neous nucleic acid. Treated virion RNA was extracted with the QIAamp
DNA blood minikit (Qiagen), and RNA mass was measured with
RiboGreen (Molecular Probes, Eugene, OR) and the GloMax-Multi Jr.
fluorometer (Promega). RNA mass was converted to genomic copies
based on the AIV nucleic acid molecular weight. Standards were created
from serial 1:10 dilutions of the treated virions followed by nucleic acid
extraction as described above. The crossing points of the standards were re-
gressed against the logarithm of genomic copy number using LightCycler 480
software.

RT-qPCR controls. All water and Daphnia samples were tested for
RT-qPCR inhibition following the methods described by Gibson et al.
(33), except the inhibition control was bovine viral diarrhea virus (BVDV)
type 1 using the primers and probe described by Brooks et al. (34). None
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of the analyses were inhibited. To test for potential differences in qPCR
efficiencies of water extraction versus Daphnia extraction, we compared
cycle quantification (Cq) values of the BVDV inhibition controls added to
every extraction. Additional controls included AIV positive controls, no-
template controls for RT and PCR master mixes, negative extraction con-
trols consisting of 5 ml well water and 2 ml AVL buffer, and positive
extraction controls consisting of 30 Daphnia individuals ground with
mortar and pestle and spiked with 2 � 105 AIV. All controls were in
compliance.

AIV viability. In one experimental trial, an additional replicate was
performed to assess AIV viability in feeding Daphnia and in water without
Daphnia. Daphnids were collected at 6 and 12 min and hourly from 1 h to
16 h after AIV addition, and from the controls (AIV and food only), 5 ml
well water was collected at 5, 6, and 10 h after AIV addition. Daphnids
were disrupted by freezing without water at �80°C, adding 5 ml sterile
phosphate-buffered saline (PBS), vortexing, and filtering the Daphnia tis-
sue solution through a 0.22-�m-pore filter. Control water was prepared
for culture by adding 4.5 ml to 0.5 ml 10� PBS followed by 0.22-�m
filtration. AIV in Daphnia and control water inocula (both 2.5 ml) were
cultured on primary rhesus monkey kidney cells in 15-ml culture tubes
(ViroMed Laboratories, Minnetonka, MN) as described by Szretter et al.
(35). Following inoculation, cells were incubated for 90 min at room
temperature. We then removed the inoculum, added maintenance me-
dium (Eagle’s minimal essential medium [MEM] with 2% fetal bovine
serum [FBS]), and incubated the medium at 37°C. Cultures were refed
with maintenance medium every 7 days and passaged at 2 and 4 weeks.
Controls included a positive control of 0.2 ml AIV stock in 2.5 ml main-
tenance medium and a negative control of 2.5 ml PBS. After 6 weeks, the
maintenance medium was removed, 150 �l nuclease-free water was
added, and the monolayer was removed by scraping with a rubber spatula.
The entire cell suspension was extracted with the QIAamp DNA blood
minikit, and AIV was quantified by RT-qPCR as described above. Cul-
tures negative for CPE but after 6 weeks containing 10-times more AIV
genomic copies than measured in the initial inoculum were considered
positive by integrated cell culture-qPCR (ICC-qPCR), similar to the ap-
proach used by Borchardt et al. (31).

Statistical analysis. To quantify the effect of Daphnia on AIV persis-
tence, we assessed variation of AIV concentrations in water from control
test tubes (AIV and Daphnia food only) and experimental test tubes (AIV,
Daphnia food, and daphnids) through time using combined data from the

3 experimental trials. We considered 8 candidate models: the models in-
cluded linear, 2- and 3-parameter exponential decay and modified 3-pa-
rameter exponential decay applied to (i) all data combined (i.e., one func-
tion fitted to all data) and (ii) data split by type (i.e., separate functions
fitted to control water and experimental water). To assess differences in
AIV concentrations between Daphnia tissue and the associated water
through time, we conducted a separate analysis in which the same models
were applied to (i) all data combined and (ii) data split by Daphnia tissue
versus water separated from Daphnia. The response variable in both anal-
yses was the number of genomic copies of AIV as determined by RT-qPCR
ml�1 of water or g�1 of Daphnia. We conducted statistical analyses using
nonlinear models computed with Proc NLIN in SAS 9.1 and selected the
best approximating model from each analysis using Akaike’s information
criterion corrected for small sample size (AICc) and model weights (wi)
(36).

RESULTS
Experimental trials. Concentrations of AIV in water within test
tubes containing Daphnia differed substantially from those in
control test tubes lacking Daphnia. The best approximating model
(wi � 0.93) supported a modified 3-parameter exponential decay
in which AIV concentrations in Daphnia water declined through
time to an estimated asymptote of 44.6 genomic copies of AIV
ml�1 (standard error [SE] � 23.78), while AIV concentrations in
control water remained approximately 10-fold higher, declining
to an estimated asymptote of 482.7 genomic copies of AIV ml�1

(SE � 135.48) (Table 1 and Fig. 1).
Concentrations of AIV associated with Daphnia tissue differed

from the AIV concentrations in water; the best approximating
model (wi � 0.48) supported a modified 3-parameter exponential
decay in which AIV concentrations associated with Daphnia tissue
were consistently higher than that of the water, especially during
the first 120 min of the experiment (Table 2 and Fig. 1). This
difference of AIV concentrations between Daphnia tissue and wa-
ter cannot be attributed to the qPCR efficiencies of the Daphnia
and water nucleic acid extracts. Comparing cycle quantification
(Cq) values of the BVDV inhibition controls added to every ex-
traction, the qPCR efficiencies of Daphnia and water extracts did

TABLE 1 Models of AIV persistence associated with water incubated with live Daphnia and water without Daphnia through timea

Model Functional form Kb Adjusted R2 Log �̂2d �AICc wi

By treatment
Modified exponential decay AIV � {aCW � exp[(bCW/(X 	 cCW)]} 	 {aDW � exp[bDW/(X 	 cDW)]} 6 0.76 9.91 0.00c 0.93

Exponential decay AIV � [aCW 	 bCW � exp(�cCW � X)] 	 [aDW 	 bDW � exp(�cDW � X)] 6 0.75 9.99 5.26 0.07
AIV � [aCW � exp(�bCW � X)] 	 [aDW � exp(�bDW � X)] 4 0.70 10.17 13.11 0.00

Linear AIV � (aCW 	 bCW � X) 	 (aDW 	 bDW � X) 4 0.37 10.92 64.08 0.00

Pooled
Modified exponential decay AIV � a � exp[b/(X 	 c)] 3 0.42 10.99 66.51 0.00

Exponential decay AIV � a 	 b � exp(�c � X) 3 0.42 10.99 66.66 0.00
AIV � a � exp(�b � X) 2 0.26 11.26 82.83 0.00

Linear AIV � a 	 b � X 2 0.16 11.38 90.72 0.00
a Shown are models of AIV persistence associated with water incubated with live Daphnia (DW) and water without Daphnia (CW) through time (X, in minutes). Strength of
support for each model is inferred by AICc model weight (wi). We considered linear (2-parameter) relationships, exponential decay functions (2 and 3 parameters), and a modified
exponential decay function (3 parameters) fitted to pooled data and data separated by treatment.
b Number of parameters.
c AICc � 687.17.
d Log of the estimated variance.
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not differ (paired t test, P � 0.48; n � 52 per extract type). Pre-
dicted viral RNA concentrations in Daphnia tissue ranged from
more than 3 times greater (during the first hour postinoculation)
to 1.8 times greater (at 940 min postinoculation) than those in
the surrounding water. In contrast to live daphnids, dead
daphnids did not accumulate AIV to concentrations greater
than that of the water, and the AIV concentrations in the water
incubated with dead daphnids remained near the initial levels
through time (Fig. 2).

AIV viability. All Daphnia samples from all time intervals
ranging from 6 min to 16 h (samples from 16 time intervals were
analyzed) were negative for viable AIV, as measured by CPE and
by ICC-qPCR. In contrast, in water without Daphnia, viable AIV
was not detected by CPE, but it was detected at all time intervals (5,
6, and 10 h) by ICC-qPCR. ICC-qPCR concentrations of AIV after
6 weeks of culture were 1,070 to 2,580 times greater than AIV
concentrations in the initial inocula, indicating AIV from the wa-
ter without Daphnia was viable and multiplied on the cell line but
without producing CPE. The AIV positive control exhibited a
similar pattern; it did not produce CPE, but it was positive by
ICC-qPCR.

DISCUSSION

Efficient transmission of AIV is undoubtedly linked to its ability to
remain viable in aquatic habitats. Aquatic environments inhab-

ited by AIV reservoir species (i.e., waterfowl) are complex, and
persistence of AIV is influenced by a combination of abiotic fac-
tors, including pH, temperature, and salinity (7, 37), and biotic
factors, including zooplankton, bivalves, fish, amphibians, and
vegetation (21). Daphnia spp. are an important component of
natural aquatic ecosystems, and their widespread occurrence in
aquatic habitats aligns with the widespread abundance of water-
fowl and other aquatic birds. During seasonal peaks in freshwater
systems, Daphnia densities can exceed 400 individuals liter�1 (23),
and at an important waterfowl breeding area in Manitoba, Can-
ada, Collias and Collias (24) documented Daphnia densities of
greater than 1,000 individuals liter�1. At these densities, daphnids
are capable of filtering all water in a water body within a 24-h
period (29). In addition to being ubiquitous in waterfowl habitat,
daphnids are consumed opportunistically by a variety of water-
fowl species (24, 25) and comprise a large proportion of the diet of
the zooplankton specialist northern shoveler (26), a duck species
known to have high rates of AIV prevalence (38; B. W. Meixell,
unpublished data). Therefore, models of maintenance and trans-
mission of AIV in the wild should take into consideration the
effect of invertebrates, such as Daphnia, on viral persistence.

We assessed the potential of Daphnia magna to bioconcentrate
AIV under the hypothesis that the daphnids may act as a vector of
infection to aquatic birds that consume zooplankton in the wild.
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Concentrations of viral RNA in water containing live daphnids
decreased exponentially through time, while remaining near ini-
tial levels throughout the experiment in control test tubes without
Daphnia. We detected the highest concentrations of AIV associ-
ated with Daphnia within 12 min post-viral exposure, and viral
concentrations declined exponentially thereafter. At a filtration
rate on the order of 2 ml h�1 (39), the time for our sample of
approximately 30 Daphnia individuals to filter all water within a
given test tube once was about 5 min, corresponding with the
observed peaks in AIV concentration associated with Daphnia tis-
sue. The observed peak in AIV was followed by an apparent de-
struction of viral RNA such that overall AIV in the experimental
test tubes was reduced drastically within 5 h postinoculation.

In our post hoc experiment, AIV concentrations associated

with dead, nonfeeding daphnids did not exceed AIV concentra-
tions in the water. Furthermore, AIV concentrations in the water
remained near initial levels through the duration of the experi-
ment, suggesting that filtration by Daphnia was responsible for
depletion of AIV in the primary experiment. Gentry et al. (40)
found very high concentrations of human norovirus associated
with the 
200-�m size fraction of zooplankton in a Georgia,
USA, estuary and hypothesized the noroviruses were electrostati-
cally adsorbed to zooplankton surfaces. Differences in water
chemistries and microbe surface properties can have large effects
on adsorption (41), which might explain why we did not observe
high levels of AIV adsorption to the exoskeletons of dead daph-
nids.

Our results are consistent with previous studies that showed

TABLE 2 Models of AIV persistence associated with water incubated with live Daphnia and Daphnia tissue through timea

Model Functional form Kb Adjusted R2 Log �̂2d �AICc wi

By treatment
Modified exponential decay AIV � {aDW � exp[bDW/(X 	 cDW)]} 	 {aDT � exp[bDT/(X 	 cDT)]} 6 0.64 12.55 0.00c 0.48

Exponential decay AIV � [aDW � exp(�bDW � X)] 	 [aDT � exp(�bDT � X)] 4 0.63 12.60 0.85 0.32
AIV � [aDW 	 bDW � exp(�cDW � X)] 	 [aDT 	 bDT � exp(�cDT � X)] 6 0.64 12.56 1.78 0.20

Linear AIV � (aDW 	 bDW � X) 	 (aDT 	 bDT � X) 4 0.30 13.24 67.85 0.00

Pooled
Modified exponential decay AIV � a � exp[b/(X 	 c)] 3 0.43 13.17 58.59 0.00

Exponential decay AIV � a � exp(�b � X) 2 0.42 13.20 59.02 0.00
AIV � a 	 b � exp(�c � X) 3 0.43 13.18 59.52 0.00

Linear AIV � a 	 b � X 2 0.21 13.52 92.20 0.00
a Shown are models of AIV persistence associated with water incubated with live Daphnia (DW) and Daphnia tissue (DT) through time (X, in minutes). Strength of support for
each model is inferred by AICc model weight (wi). We considered linear (2-parameter) relationships, exponential decay functions (2 and 3 parameters), and a modified exponential
decay function (3 parameters) fitted to pooled data and data separated by treatment.
b Number of parameters.
c AICc � 1,317.64.
d Log of the estimated variance.
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Daphnia spp. effectively reduced abundance of some waterborne
pathogens (e.g., Campylobacter jejuni, Giardia lamblia, and Cryp-
tosporidium parvum) (42, 43). Recently, Abbas et al. (22) exposed
Daphnia magna to AIV-dosed water for 24 h, rinsed the daphnids,
and transferred them to clean water, where they were sampled
over a 6-day period. In contrast to our results, concentrations of
AIV associated with Daphnia tissue and AIV concentrations in
clean water remained mostly stable through time (22). In 2 of their
4 experiments, the AIV concentrations associated with Daphnia
declined during the first 24 h after being transferred to clean water
but thereafter remained stable.

At early time intervals in our experiment, concentrations of
viral RNA associated with Daphnia tissue were more than 3 times
greater than concentrations in water. However, the negative cell
culture results for AIV associated with Daphnia suggested the AIV
was inactivated. AIV inactivation could not be attributed to fac-
tors associated with the groundwater or Daphnia food used in this
study because culture-positive AIV was detected at 5, 6, and 10 h
after AIV and Daphnia food was added to water without Daphnia.
It appears Daphnia quickly inactivated AIV after ingestion. Abbas
et al. (22) also suggested Daphnia filtration was responsible for
AIV inactivation after observing accumulated viral RNA in Daph-
nia exposed to AIV and finding the Daphnia-associated AIV was
cell culture negative. Their observations, however, occurred over a
period of days, whereas we are suggesting Daphnia ingestion and
inactivation of AIV can be rapid. Alternatively, negative culture
results may be a consequence of method sensitivity (22, 44). Inoc-
ulation of AIV into embryonated chicken eggs may lead to higher
rates of successful virus isolation than cell lines (45), and future
use of this method may be warranted.

The hypothesis that aquatic, filter-feeding invertebrates may
act as a vector facilitating AIV infection in aquatic birds requires
additional study. Results from laboratory studies that exposed fil-
ter-feeding invertebrates to AIV range from complete depletion of
the virus by clams (18) to accumulation of viable virus for more
than 2 weeks in zebra mussels (19). Daphnia in our study rapidly
reduced AIV concentrations in the water. The observed depletion
of AIV, combined with negative results of virus viability, may
indicate that the presence of Daphnia in aquatic habitats acts to
impede transmission. Indeed, our results demonstrate that daph-
nids impose a negative effect on viral persistence. However, we
postulate this does not preclude their potential as a vector. During
early time intervals in our experiment, AIV concentrations asso-
ciated with Daphnia tissue averaged more than 3 times that of the
water, and even during the later time intervals when AIV concen-
trations were reduced substantially, concentrations of AIV associ-
ated with Daphnia tissue remained higher than that of the water.
Hence, an individual bird would be expected to encounter more
AIV by volume in Daphnia than in water. Furthermore, in the
wild, especially during peaks of AIV infection in aquatic bird pop-
ulations, input of AIV to water would occur not as a single, finite
input (as in this study) but nearly continuously as birds actively
feed and defecate. Under this scenario, the relative concentrations
of AIV in the wild might be maintained at levels that resemble
results from the early time intervals of our experiment (i.e., sub-
stantially higher AIV concentrations associated with Daphnia
than water), without the subsequent drastic reduction in AIV con-
centrations. The time scale for AIV inactivation associated with
Daphnia tissue remains uncertain; however, based on docu-

mented accumulation of viral RNA, we cannot rule out the poten-
tial for Daphnia to act as a vector facilitating AIV infection.
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